Introduction {#s1}
============

Glioblastoma (GBM) is the most common form of primary malignant brain tumor in adults and remains one of the most deadly neoplasms. Despite multimodal therapy including maximal surgical resection, radiation, and temozolomide (TMZ), the median overall survival is less than 15 months [@pone.0094281-Stupp1]. Moreover, these therapies are non-specific and are ultimately limited by toxicity to normal tissues [@pone.0094281-Imperato1]. In contrast, immunotherapy promises an exquisitely precise approach, and substantial evidence suggests that T cells can eradicate large, well-established tumors in mice and humans [@pone.0094281-Johnson1]--[@pone.0094281-Kochenderfer1].

Chimeric antigen receptors (CARs) represent an emerging technology that combines the variable region of an antibody with T-cell signaling moieties, and can be genetically expressed in T cells to mediate potent, antigen-specific activation. CAR T cells carry the potential to eradicate neoplasms by recognizing tumor cells regardless of major histocompatibility complex (MHC) presentation of target antigen or MHC downregulation in tumors, factors which allow tumor-escape from treatment with *ex vivo* expanded tumor-infiltrating lymphocytes (TILs) [@pone.0094281-Rosenberg2] and T-cell receptor (TCR) gene therapy [@pone.0094281-Zitvogel1], [@pone.0094281-Kalos1]. Clinical trials utilizing CARs in other tumor systems including renal cell carcinoma [@pone.0094281-Lamers1], indolent B-cell and mantle cell lymphoma [@pone.0094281-Till1], neuroblastoma [@pone.0094281-Pule1], acute lymphoblastic leukemia [@pone.0094281-Brentjens1], and chronic lymphoid leukemia [@pone.0094281-Porter1] have verified their remarkable potential. However, severe adverse events, including patient deaths, have occurred from administration of CAR T cells when directed against tumor antigens simultaneously expressed on normal tissues [@pone.0094281-Brentjens2], [@pone.0094281-Morgan1].

The tumor-specific variant of the epidermal growth factor receptor, EGFRvIII, is a type III in-frame deletion mutant of the wild-type receptor that is exclusively expressed on the cell surface of GBMs and other neoplasms but is absent on normal tissues [@pone.0094281-Wikstrand1]--[@pone.0094281-Wong1]. Unlike previous CARs, an EGFRvIII-specific construct carries the potential to eliminate tumor cells without damaging normal tissue due to the tumor specificity of its target antigen. Thus, as a tumor-specific CAR, EGFRvIII-targeted CARs (EGFRvIII^+^ CARs) should be able to employ the previously demonstrated potency of CAR T cells both precisely and safely against tumor when implemented into the clinic.

Despite their promise, the utility of CAR therapy against brain tumors has been questioned due to the concept of central nervous system (CNS) immune privilege. This dogma has since been challenged, as T cells are now known to infiltrate CNS parenchyma in the context of neuropathology and neuroinflammation where the blood brain barrier (BBB) is known to be disrupted [@pone.0094281-Engelhardt1], [@pone.0094281-Banks1]. GBM in particular has been implicated in BBB dysfunction through its modulation of the local brain microenvironment, owing in part to both the inevitable disruption of natural brain architecture by bulky tumor masses and their inherent pathologic characteristics that increase the permeability of microvessels, thereby compromising BBB integrity [@pone.0094281-Rascher1]. While it is reasonable to suspect that T cells and chemotherapeutic agents may gain entry to tumor cores through these regions of increased permeability, the long-term therapeutic benefits of this rationale have been marred by the fact that GBM is predisposed to the development of highly invasive neoplastic peninsulas that are removed from main tumor masses, residing within normal brain areas that are protected by regions of intact BBB [@pone.0094281-Ajay1]--[@pone.0094281-Giese1]. This may explain the failure of therapeutic regimens that depend on BBB permeability for targeted treatment delivery, where main tumor cores are discriminately subjected to therapy while invasive tumor cells are able to evade clinical intervention and tumor recurrence becomes inevitable [@pone.0094281-Agarwal1].

It recent years, preclinical evaluations of GBM therapy have correlated only poorly with their clinical counterpart [@pone.0094281-Vauleon1], and it has been increasingly difficult to reconcile this apparent discrepancy in efficacy. One explanation may be the lack of a suitable preclinical GBM model in which tumor engraftment adequately mimics the invasive features and physiological growth patterns found in the clinical scenario. Human tumor xenografts are often criticized due to their production of large, well-circumscribed, non-invasive intracranial masses (e.g. U87MG [@pone.0094281-Hashizume1]--[@pone.0094281-Candolfi1]), characteristics that impede their use as an adequate platform for evaluating novel therapies against GBM. Thus, identifying a preclinical model that accurately recapitulates human GBM is a critical first step to evaluating the efficacy of novel therapies designed to target highly invasive gliomas arising *de novo* in the brain.

To address these issues in the current study, we developed a model system to examine the efficacy of CAR T-cell therapy using a brain tumor explant that more precisely reflects clinically relevant growth patterns of GBM. D-270 MG is a tumor line derived directly from a patient's primary GBM by direct orthotopic transplant and is known to naturally express EGFRvIII [@pone.0094281-Bigner1]. In order to monitor the *in vivo* efficacy of EGFRvIII^+^ CAR T cells against D-270 MG intracranial xenografts, we produced a cell line that co-expresses firefly luciferase (FLuc) and GFP, D-270MG^FLuc/GFP^, which retains the pathological features of human GBM and displays homogeneous levels of EGFRvIII expression. Here, we present data to demonstrate that D-270MG^FLuc/GFP^ xenografts display the invasive nature and hallmark characteristics of human GBM, making it an ideal preclinical model for the evaluation of this CAR-based strategy. We show that EGFRvIII^+^ CAR T cells are capable of recognizing D-270MG^FLuc/GFP^ cells in an antigen-specific manner *in vitro* and are capable of migrating into the invasive edges of intracerebral D-270MG^FLuc/GFP^ tumors in NOD.Cg-*Prkdc^scid^ Il2rg^tm1Wjl^*/SzJ (NSG) mice. Importantly, our results indicate that treatment of D-270MG^FLuc/GFP^ tumors with EGFRvIII^+^ CAR T cells significantly inhibited tumor growth and prolonged survival in NSG mice. Taken together, these observations in our novel model system demonstrate that adoptively transferred EGFRvIII^+^ CAR T cells can readily traffic *in vivo* to the invasive edges of GBM to mediate antigen-specific tumor regression.

Results {#s2}
=======

D-270MG^FLuc/GFP^ xenograft is highly invasive in NSG mice {#s2a}
----------------------------------------------------------

In order to evaluate the antitumor efficacy of systemically delivered EGFRvIII^+^ CAR T cells against invasive intracerebral GBM tumors, we utilized the D-270MG^FLuc/GFP^ xenograft, which was isolated directly from a patient's primary GBM tumor and has been previously validated to naturally express EGFRvIII [@pone.0094281-Wong1], [@pone.0094281-Bigner1]. We first sought to histologically evaluate and compare the characteristic growth patterns of D-270MG^FLuc/GFP^ tumor with U87MG.ΔEGFR, a xenograft derived from a previously described human glioma cell subline [@pone.0094281-Nishikawa1], [@pone.0094281-Lal1] that is among the most frequently used models in preclinical studies of GBM. U87MG.ΔEGFR is an EGFRvIII^+^ stably transfected subline of the parental human malignant astrocytoma cell line U87MG, which does not naturally express EGFRvIII. NSG mice received intracerebral tumor implants and were sacrificed after seven days. Brains were formalin-fixed, paraffin-embedded, and 5 μm sections were stained with hematoxylin and eosin (H&E). NSG mice with no tumors were used as a control ([**Fig. 1a**](#pone-0094281-g001){ref-type="fig"}). Here, we show that U87MG.ΔEGFR xenografts produce tumors with well-defined boundaries that can be clearly delineated from normal brain ([**Fig. 1b, c**](#pone-0094281-g001){ref-type="fig"}). In stark contrast, D-270MG^FLuc/GFP^ tumors exhibit expanding borders with small perivascular streams of cells radiating from central tumor masses, and even subarachnoid infiltration of tumor cells ([**Fig. 1d, e, f**](#pone-0094281-g001){ref-type="fig"}). We found that D-270MG^FLuc/GFP^ xenografts reveal an invasive nodular proliferation of malignant cells with reduced eosinophilic cytoplasm and large nuclei with prominent nucleoli. We also observed focal areas of necrosis and frequent mitotic activity in tumors. Altogether, these data demonstrate that the *in vivo* phenotype of D-270MG^FLuc/GFP^ xenografts is consistent with the classic features of human GBM. Moreover, the *in vivo* growth patterns of this model recapitulate the diffuse and infiltrative nature of tumors found in patients, making D-270MG^FLuc/GFP^ an exemplary model for evaluating this CAR-based platform.

![D-270MG^FLuc/GFP^ xenograft is highly invasive in NSG mice.\
NSG mice received intracerebral tumor implants (D-270MG^FLuc/GFP^/1×10^4^ cells or U87MG.ΔEGFR/1×10^4^ cells) and were sacrificed after seven days. Histological analysis by H&E staining of (**a**) non-tumor bearing brain, (**b, c**) established U87MG.ΔEGFR and (**d, e, f**) D-270MG^FLuc/GFP^ intracerebral malignant gliomas in NSG mice is shown. Figures delineate tumor vs. normal brain and demonstrate perivascular (PV) and subarachnoid (SA) infiltration. Images are representative of tumors obtained and analyzed from six mice (n = 6). x20 magnification.](pone.0094281.g001){#pone-0094281-g001}

T cells expressing EGFRvIII^+^ CARs recognize D-270MG^FLuc/GFP^ tumors that naturally express EGFRvIII {#s2b}
------------------------------------------------------------------------------------------------------

Effective T-cell recognition and antitumor activity requires antigen-specific receptor expression and engagement of tumorigenic antigens. Therefore, we sought to determine if EGFRvIII^+^ CAR T cells would recognize D-270MG^FLuc/GFP^ tumor cells, given their natural expression of EGFRvIII. Towards this end, we obtained human peripheral blood lymphocytes (PBLs) from patients and transduced them with a previously-described retrovirus encoding a third-generation EGFRvIII^+^ CAR containing the humanized 139 anti-human EGFRvIII single-chain variable fragment in tandem with the hCD28-41BB-CD3æ chain signaling domain [@pone.0094281-Morgan2]. Following transduction, we determined surface expression by flow cytometry, and T cells were found to efficiently express the EGFRvIII^+^ CAR construct on their cell surface ([**Fig. 2a**](#pone-0094281-g002){ref-type="fig"}). In order to assess antigen-specificity of EGFRvIII^+^ CAR T cells, we first quantitatively assessed levels of EGFRvIII expression in D-270MG^FLuc/GFP^, U87MG.ΔEGFR (EGFRvIII^+^), and U87MG (EGFRvIII^-^) control tumor cells. We found similar levels of EGFRvIII expression between D-270MG^FLuc/GFP^ and U87MG.ΔEGFR tumor cells ([**Fig. 2b**](#pone-0094281-g002){ref-type="fig"}). Next, antigen-specific reactivity against EGFRvIII was determined in co-culture assays; while EGFRvIII^+^ CAR T cells did not secrete observable levels of the type 1 cytokine interferon-gamma (IFN-γ) in response to the U87MG (EGFRvIII^-^) tumor cell line, they did produce IFN-γ in the presence of the U87MG.ΔEGFR (EGFRvIII^+^) cell line as measured by intracellular staining (ICS) ([**Fig. 2c**](#pone-0094281-g002){ref-type="fig"} **;** P = 0.0004; two-way ANOVA). Untransduced T cells alone showed no IFN-γ production versus either target. Importantly, recognition of the D-270MG^FLuc/GFP^ cell line was observed only by EGFRvIII^+^ CAR T cells and not by untransduced T cells ([**Fig. 2d**](#pone-0094281-g002){ref-type="fig"}; P = 0.002; one-way ANOVA). These data corroborate the specificity of EGFRvIII^+^ CAR T cells and demonstrate their ability to elicit antitumor activity upon interaction with D-270MG^FLuc/GFP^ tumors.

![T cells expressing EGFRvIII^+^ CARs recognize D-270MG^FLuc/GFP^ tumors that naturally express EGFRvIII.\
(**a**) Cells were stained for EGFRvIII^+^ CARs to detect cell-surface expression using EGFRvIII multimer-PE. Negative staining controls were conducted by staining untransduced T cells from the same donor. EGFRvIII CAR^+^ T cells were gated on CD3^+^ (left), CD3^+^ CD4^+^ (middle), and CD3^+^ CD8^+^ (right). (**b**) Expression levels of EGFRvIII were quantified in D-270MG^FLuc/GFP^ and U87MG.ΔEGFR tumor cells using qRT PCR. U87MG (EGFRvIII^-^) tumor cells were used as a control. (**c**) In order to assess EGFRvIII specificity, untransduced T cells or EGFRvIII^+^ CAR T cells were co-cultured with U87MG or U87MG.ΔEGFR tumor cells. Quantification of cells positive for ICS of IFN-γ^+^ is shown. The effect of T-cell transduction on frequency of IFN-γ^+^ cells significantly differs between U87MG and U87MG.ΔEGFR tumor cells (P = 0.0004; two-way ANOVA). (**c**) To evaluate D-270MG^FLuc/GFP^ tumor cell recognition, untransduced T cells or EGFRvIII^+^ CAR T cells were co-cultured with D-270MG^FLuc/GFP^. Quantification of cells positive for ICS of IFN-γ^+^ is shown. The effect of T-cell transduction on frequency of IFN-γ^+^ cells significantly differs between untransduced T cells and EGFRvIII^+^ CAR T cells (P = 0.002; one-way ANOVA). EGFRvIII^+^ CAR T cells were also cultured alone (no target) as a control, and quantification of cells positive for ICS of IFN-γ^+^ was negligible (data not shown). Data represent one of two (n = 2) experiments with similar results.](pone.0094281.g002){#pone-0094281-g002}

EGFRvIII^+^ CAR T cells effectively migrate to invasive GBM tumors {#s2c}
------------------------------------------------------------------

Effective therapy in a clinical setting requires that systemically administered T cells effectively migrate to and encounter tumor cells *in vivo*. Unlike cancers of the periphery, GBM tumors rarely metastasize outside of the brain, instead shedding neoplastic cells that migrate away from main tumor cores and develop into highly invasive peninsulas residing within the normal brain, hiding within regions of intact BBB [@pone.0094281-Ajay1]--[@pone.0094281-Giese1]. Although T cells are able to access bulky GBM lesions through dysfunction of the local BBB, it is unknown if they can effectively migrate into the invading tumor deposits that may reside behind an intact BBB. Therefore, we sought to evaluate the capacity of EGFRvIII^+^ CAR T cells to localize to D-270MG^FLuc/GFP^ intracerebral tumors, which closely mirror the invasive architecture of human GBM ([**Fig. 1d--f**](#pone-0094281-g001){ref-type="fig"}). To examine this, human donor PBLs were transduced with the external *Gaussian* luciferase (extGLuc) retrovirus or underwent a dual transduction with both the extGLuc and EGFRvIII^+^ CAR retroviruses for use in bioluminescence imaging (BLI) analysis [@pone.0094281-Santos1]. Following transduction, T cells were cultured *in vitro* prior to systemic infusion into NSG mice bearing established orthotopic D-270MG^FLuc/GFP^ tumors. Imaging analysis two ([**Fig. 3a**](#pone-0094281-g003){ref-type="fig"}) and nine ([**Fig. 3b**](#pone-0094281-g003){ref-type="fig"}) days after T-cell injection revealed extGLuc signals in the brain area, demonstrating localization of EGFRvIII^+^ CAR T cells to the tumor site. We also sought to evaluate whether EGFRvIII-specificity was necessary for efficient T-cell localization to tumor, and to do this, we compared the trafficking patterns of extGluc^+^ EGFRvIII^+^ T cells ([**Fig. 3a,b**](#pone-0094281-g003){ref-type="fig"}) with extGluc^+^ T cells ([**Fig. 3c,d**](#pone-0094281-g003){ref-type="fig"}) in NSG mice bearing D-270MG^FLuc/GFP^ tumors. We found that extGluc-only T cells (EGFRvIII^-^) failed to efficiently migrate across the BBB, whereas extGluc^+^ EGFRvIII^+^ CAR T cells rapidly localized in the brain. This suggests a necessity of EGFRvIII^+^ CAR expression for brain-trafficking or accumulation in NSG mice bearing D-270MG^FLuc/GFP^ tumors. A separate group of mice were also sacrificed nine days after T-cell injection and tumor tissue was submitted for immunohistochemical analysis. [**Figure 3E**](#pone-0094281-g003){ref-type="fig"} shows that systemically administered EGFRvIII^+^ CAR T cells successfully migrated to the invasive edges of intracerebral tumor, particularly in areas of peninsula formation at the leading edge of tumor invasion. NSG mice receiving saline were used as a control ([**Fig. 3F**](#pone-0094281-g003){ref-type="fig"}). These results demonstrate that, in our model of invasive GBM, adoptively transferred EGFRvIII^+^ CAR T cells have the capacity to traffic to invasive areas of tumor thought to reside beyond the BBB.

![EGFRvIII^+^ CAR T cells effectively migrate to invasive GBM tumors.\
1×10^7^ extGLuc^+^ EGFRvIII^+^ CAR T cells were administered systemically to D-270MG^FLuc/GFP^ tumor-bearing mice, and T-cell trafficking and/or accumulation near tumor was monitored using BLI on days 2 (**a**) and 9 (**b**). To assess the role of antigen-specificity on T-cell localization at the site of tumor, 1×10^7^ extGLuc-only T cells were systemically administered to a separate group of tumor-bearing mice and monitored for trafficking and/or accumulation near tumor using BLI on day 7 (**c, d**). NSG mice treated with extGLuc^+^ EGFRvIII^+^ CAR T cells (**e**) or saline (**f**) were sacrificed on day 9, and brains were harvested, formalin-fixed, and paraffin-embedded. 5 μm coronal sections were immunostained with rabbit anti-human CD3 antibody and counterstained with hematoxylin. Images are representative of tumors obtained and analyzed from four mice (n = 4). Data represent one of two (n = 2) experiments with similar results.](pone.0094281.g003){#pone-0094281-g003}

*In vivo* systemic delivery of EGFRvIII^+^ CAR T cells delays tumor growth and prolongs survival {#s2d}
------------------------------------------------------------------------------------------------

We sought to determine the therapeutic effect of systemically administered EGFRvIII^+^ CAR T cells against invasive intracerebral gliomas *in vivo*. Utilizing the NSG mouse model, D-270MG^FLuc/GFP^ xenografts were implanted intracerebrally and allowed to engraft for three days prior to intravenous infusion with EGFRvIII^+^ CAR T cells. D-270MG^FLuc/GFP^ cells were monitored using BLI every three days. No significant difference was observed between groups of mice that were either left untreated or infused with non-specific control CAR T cells. However, there was a significant delay in tumor growth in EGFRvIII^+^ CAR T-cell treatment groups compared to untreated and control CAR T cells, as detected by serial BLI recordings of tumor-cell photon emissions ([**Fig. 4a**](#pone-0094281-g004){ref-type="fig"}; P\<0.0001; mixed model). Tumors were not visible in any group until day 11, at which point tumors began growing in control and untreated mice. Complete suppression of tumor growth was evident in mice treated with EGFRvIII^+^ CAR T cells until day 17, but grew to achieve BLI values similar to untreated mice by day 26 ([**Fig. 4a**](#pone-0094281-g004){ref-type="fig"}). These growth kinetics translated into an 8--9 day survival advantage in mice treated with EGFRvIII^+^ CAR T cells when compared to both untreated mice and those receiving control CAR T cells ([**Fig. 4b**](#pone-0094281-g004){ref-type="fig"}; P\<0.0001; generalized Wilcoxon test). Together, these preclinical results suggest that systemically administered third-generation EGFRvIII^+^ CAR T cells can inhibit invasive brain tumor growth and prolong survival.

![*In vivo* systemic delivery of EGFRvIII^+^ CAR T cells delays tumor growth and prolongs survival.\
NSG mice were implanted with 1×10^4^ D-270MG^FLuc/GFP^ tumor cells intracranially, randomized into three groups (n = 6-8), and monitored for tumor growth and survival. 5.0 - 10×10^6^ T cells were administered intravenously 3 days after tumor implantation. (**a**) Normalized BLI values associated with longitudinal monitoring of tumor growth for untreated, control CAR T-cell, and EGFRvIII^+^ CAR T-cell groups are shown (value = mean ±SD). The pattern of change in log BLI values significantly differs between the three treatment groups (P\<0.0001; mixed model). (**b**) The survival of animals treated with EGFRvIII^+^ CAR T cells was significantly prolonged (P\<0.0001; generalized Wilcoxon test) when compared to other treatment groups. Data represent one of two (n = 2) experiments with similar results.](pone.0094281.g004){#pone-0094281-g004}

Discussion {#s3}
==========

The therapeutic benefits of CAR-based adoptive cell therapy have been widely demonstrated in patients suffering with cancer [@pone.0094281-Kochenderfer1], [@pone.0094281-Pule1]--[@pone.0094281-Porter1]. Since its introduction, CAR design has evolved significantly to mediate a potent and robust T-cell immune response when directed against tumors in the periphery [@pone.0094281-Rosenberg1], [@pone.0094281-Sadelain1]. Importantly, we demonstrate here that similar immune responses can be achieved against established tumors in the immunologically privileged brain, even when directed against highly invasive cancers that are considered prone to immune evasion. The molecular properties and phenotype of GBM make it an extraordinarily difficult malignancy to treat from an immunologic perspective. Its invasive nature behind the BBB could confer a relatively high degree of isolation from immune activity, allowing tumors to grow silently with limited immune surveillance. Unlike previous studies, we have sought to examine the efficacy of adoptive T-cell therapy using the D-270MG^FLuc/GFP^ xenograft, which we demonstrate possesses diffuse intraparenchymal and perivascular invasion, consistent with the histopathological hallmarks of human GBM. Furthermore, unlike cell lines engineered to express EGFRvIII, such as U87MG.ΔEGFR, D-270 MG was isolated from a primary tumor that naturally expressed EGFRvIII and has maintained expression *ex vivo* and *in vivo.* This lends greater credence to its more accurate recapitulation of the clinical scenario.

We demonstrate here that EGFRvIII^+^ CAR T cells recognize tumors naturally expressing EGFRvIII, such as D-270MG^FLuc/GFP^. We show that these EGFRvIII^+^ CAR T cells recognize tumor cells in an antigen-specific manner *in vitro* as measured by ICS ([**Fig. 2c, d**](#pone-0094281-g002){ref-type="fig"}). It is important to note that we measured a 10--15% frequency of IFN-γ^+^ cells in our *in vitro* ICS assays, which is less than our recorded frequency of CD3^+^ CAR^+^ T cells. This has been a consistent and expected result under the culture, transduction, and assay protocols described here. One explanation may be the varied differentiation states of CD3^+^ CAR^+^ T cells, since different stages of activation can alter the incubation time required for T-cell secretion of IFN-γ. We have found that longer incubation times (greater than the 18 h described here) and altered tumor : T cell ratios yield frequencies\>50%, and we suspect that this is due to the inclusion of more cells occupying a greater spectrum of activation. However, we chose the assay conditions described here since incubation times\>18 h decrease cell viability, and 18 h incubations have yielded consistent results to date [@pone.0094281-Choi1].

Our data show that systemically delivered EGFRvIII^+^ CAR T cells have the capacity to migrate to invasive tumor deposits within the CNS. T-cell migration across endothelium requires molecular cues provided by chemokine-chemokine receptor interaction and engagement of adhesion molecules, which are thought to be independent of TCR engagement [@pone.0094281-Engelhardt2], [@pone.0094281-Ransohoff1]. The cross-reactivity of murine adhesion molecules and chemokines with human T cells and their chemokine receptors is known to be limited [@pone.0094281-Mestas1], and although this could have negatively impacted T-cell localization, we instead observed a substantial influx of T cells into the invasive tumor. We are currently evaluating the contribution of tumor-derived human chemokines and EGFRvIII-specificity on CAR T cells to further elucidate the steps required for effective T-cell migration across the BBB in the invasive areas of GBM.

Importantly, we show here that systemically administered EGFRvIII^+^ CAR T cells have the capacity to inhibit tumor growth and prolong survival of mice with established D-270MG^FLuc/GFP^ tumors ([**Fig. 4a, b**](#pone-0094281-g004){ref-type="fig"}). Despite the evidence of an effective, antigen-specific immune response, it is important to note that brain tumors ultimately continued to grow and caused death even in mice receiving EGFRvIII^+^ CAR T cells ([**Fig. 4b**](#pone-0094281-g004){ref-type="fig"}). Normalized BLI values from these treated mice eventually reached comparable values to untreated and CAR control groups, indicating tumor growth after a period of dormancy likely mediated by antitumor T-cell activity ([**Fig. 4a**](#pone-0094281-g004){ref-type="fig"}). One possible explanation is the loss or functional loss of EGFRvIII^+^ CAR T cells in this model. To test the antitumor efficacy of EGFRvIII^+^ CAR T cells *in vivo*, we chose an NSG mouse model, which has the advantage of evaluating promising preclinical therapies in an animal system using human tumor tissue. However, one major drawback of this approach is the fact that human T cells often have a limited lifespan and functional half-life in the murine background. For this reason, we sought to monitor T-cell persistence over time *in vivo* by BLI analysis. However, we unexpectedly found the administration of coelenterazine to be toxic at the manufacturer's recommended dosage, and as such, terminated BLI measurements after day 9 ([**Fig. 3a, b**](#pone-0094281-g003){ref-type="fig"}). Our studies demonstrate that, despite this potential for CAR T cell loss, EGFRvIII^+^ CAR T cells were able to persist long enough to migrate to and mediate antitumor activity against invasive intracranial tumors. We are currently evaluating host conditioning regimens to support enhanced and long-term human T-cell survival and function in NSG mice, since these factors could, in theory, potentiate antitumor efficacy.

A second possible explanation for the eventual recurrence of tumor in our model is the concept of antigen-loss, wherein therapeutic pressure selects for tumor cells that do not express the target antigen. This explanation would be consistent with two recent clinical studies where recurrence in patients treated with CARs [@pone.0094281-Grupp1] or a vaccine targeting a single antigen [@pone.0094281-Sampson1] was characterized by outgrowth of antigen-loss variants. As such, given the theoretical limitations of targeting single tumor antigens, future efforts will likely focus on the identification of additional GBM-specific targets and multimodal therapies designed to target several antigens simultaneously through CAR-mediated or alternative T-cell-based approaches. Additional areas of further investigation may include determining factors involved in eliciting broader endogenous immune responses through mechanisms such as epitope spreading, which has emerged as a critical factor during clinical trials of immunotherapy for melanoma [@pone.0094281-Butterfield1].

In the current study, we have demonstrated that systemically administered and tumor-specific EGFRvIII^+^ CAR T cells effectively migrate to areas of tumor invasion and mediate efficacy in a murine model of invasive human glioma. This work contributes to the rapidly growing literature supporting the utility of adoptively transferred CAR T cells targeting tumor-specific antigens as a potent treatment modality for invasive brain tumors.

Materials and Methods {#s4}
=====================

Human GBM cell lines and xenografts {#s4a}
-----------------------------------

We utilized the previously described human glioma cell line, U87MG [@pone.0094281-Hashizume1]--[@pone.0094281-Candolfi1], which does not express EGFRvIII, and subline U87MG.ΔEGFR [@pone.0094281-Nishikawa1], [@pone.0094281-Lal1], which was stably transfected to express EGFRvIII. We also utilized the D-270 MG cell line, which was propagated directly as a xenograft from a primary human GBM harvested from a patient and has previously been shown to naturally express EGFRvIII [@pone.0094281-Wong1], [@pone.0094281-Bigner1]. Briefly, mechanically minced tumor tissue was enzymatically dissociated into single cells using the Papain Dissociation System. After wash, tissue was homogenized and passed through a 75 μm cell strainer, re-suspended with freezing medium containing 90% fetal bovine serum (FBS) and 10% dimethyl sulfoxide and frozen in individual vials using standard procedures. For further experimentation, cells were thawed at 37°C, washed, and counted with trypan blue per standard practice.

Animals {#s4b}
-------

NSG mice were obtained (Charles River Laboratories, Wilmington, MA) and bred under standard conditions at Duke University Medical Center (DUMC). Mice were kept and utilized under the accordance of protocols approved by the Duke University Institutional Animal Care and Use Committee (IACUC). All mice used in this study were healthy females between 6--8 weeks of age weighing 0.020--0.025 kg and were randomized to experimental or control groups. Mice were routinely monitored for health (every 2 days) and qualified for euthanasia if they demonstrated an inability to ambulate to food and water (i.e. in lateral recumbency and unable to right itself), or if they were unable to move forward two steps when prompted gently by touching a finger to the hind area. Moribund mice were humanely euthanized when they met these endpoints using CO~2~ asphyxiation followed by decapitation as approved by our Duke University IACUC protocol. In accordance with this protocol, mice did not receive any analgesics or anesthetics.

Human PBLs {#s4c}
----------

Human PBLs used in this study were obtained from normal volunteers at Duke University Medical Center. The use of PBLs was approved under protocol 0009043 by the Duke University School of Medicine Institutional Review Board (irb.mc.duke.edu). Approved protocols conform to the Declaration of Helsinki protocols. All patients signed a written informed consent. PBLs were cultured in AIM-V medium (Life Technologies, Grand Island, NY) supplemented with 10% human AB serum (Valley Biomedical Inc., Winchester, VA), 50 units/mL penicillin, 50 μg/mL streptomycin (Life Technologies, Grand Island, CA) and 300 IU/mL interleukin-2 (IL-2) and maintained at 37°C with 5% CO~2~.

EGFRvIII^+^ CARs and extGLuc retroviral vector transduction {#s4d}
-----------------------------------------------------------

The extGLuc retroviral vectors were supplied by Renier Brentjens of Memorial Sloan-Kettering Cancer Center, New York, NY. The EGFRvIII^+^ CAR and extGLuc retroviral vectors were utilized to generate EGFRvIII^+^ CAR T cells and exGluc^+^ EGFRvIII^+^ CAR T cells. The transduction procedures have previously been described [@pone.0094281-Santos1], [@pone.0094281-Hughes1], [@pone.0094281-Morgan3]. Briefly, peripheral blood mononuclear cells (PBMCs) from healthy donors and GBM patients (post-resection, prior to treatment) were thawed and cultured in AIM-V medium supplemented with 5% human AB serum, plus antibiotics, 300 IU/mL IL-2, and 50 ng/mL OKT-3. After 48 hours, T cells (0.25×10^6^/mL) were transduced with a retroviral supernatant containing either the extGLuc, EGFRvIII^+^ CAR, or both vectors spun onto RetroNectin (Takara Bio Inc, Japan) coated non-tissue culture treated 6-well plates twice on two consecutive days as described by the manufacturer. Transduced cells were allowed to expand in AIM-V medium as above, without OKT-3.

Rapid Expansion Protocol {#s4e}
------------------------

Transduced PBLs (or untransduced control PBLs from same donor) were expanded *in vitro* using rapid expansion protocol (REP) [@pone.0094281-Riddell1]. Briefly, T cells were cultured in complete AIM-V medium plus 10% human AB serum, 300 IU/mL IL-2, and 50 ng/mL OKT-3 in the presence of 100x excess 5000 rads irradiated allogeneic PBMC feeder cells, and allowed to expand 10--14 days.

Lentiviral transduction of D-270 MG with firefly-luciferase-GFP gene {#s4f}
--------------------------------------------------------------------

The D-270 MG tumor cell line was transduced with a lentiviral vector encoding the firefly luciferase (FLuc) and EGFP genes linked by 2A peptide driven by an internal murine stem cell virus (MSCV) promoter. Briefly, lentiviral vectors were generated by transient transfection of HEK 293T cells with a four-plasmid system [@pone.0094281-Yang1]. Six hours post-transfection, plates were washed twice with phosphate-buffered saline (PBS) and 20 mL fresh medium was added. The supernatant was collected 30--48 hours post-transfection and cell debris was removed by centrifugation at 6000 *g* for 10 minutes, followed by filtration on 0.45 μm polyvinylidene fluoride filters. The lentiviral supernatant was kept at −80°C. D-270 MG cells were then quickly thawed at 37°C, washed, counted with trypan blue, and re-suspended in the lentiviral supernatant and zinc medium with 10% FBS and incubated at 37°C with 5% CO~2~ overnight. D-270MG^FLuc/GFP^ tumor cells were cell sorted based on GFP expression. Expression of FLuc was confirmed by data acquisition using the IVIS 100 *in vivo* BLI system (Caliper Life Sciences, Hopkinton, MA) coupled with Living Image software (PerkinElmer, Waltham, MA). EGFRvIII expression levels by D-270MG^FLuc/GFP^ and U87MG.ΔEGFR tumor cells were measured by qRT PCR as previously described [@pone.0094281-Yoshimoto1].

Cell surface CAR expression and ICS of transduced T cells {#s4g}
---------------------------------------------------------

Cells were stained for EGFRvIII^+^ CARs to detect cell-surface expression using an EGFRvIII multimer-PE as previously described [@pone.0094281-Sampson2]. Negative staining controls were conducted by staining untransduced cells from the same donor. ICS was performed by co-culturing T cells with tumors 1∶1 over 18 hours with the BD GolgiPlug protein transport inhibitor containing brefeldin A (BD Sciences, San Jose, CA) in RPMI-1640 medium plus 10% FBS. Following co-culture, cells were submitted to surface staining for CD3, CD8 and intracellular IFN-γ stain using the BD Cytofix/Cytoperm method (BD Biosciences, San Jose, CA).

Monitoring tumor growth and T-cell trafficking using BLI {#s4h}
--------------------------------------------------------

To monitor tumor growth, 24 NSG mice underwent intracranial implantation of 1×10^4^ D-270MG^FLuc/GFP^ tumor cells in 5 μl PBS and methocell mixer using stereotactic coordinates 2 mm lateral and 4 mm intraparenchymal from the bregma on experimental day 0. Tumor growth was analyzed every three to five days for 26 days by BLI as previously described [@pone.0094281-Szentirmai1] until the study was terminated. Briefly, BLI was performed by injecting mice intraperitoneally with 150 mg D-luciferin/kg (Xenogen, Hopkinton, MA) 10 minutes prior to imaging and photon emission (photons s^−1^ cm^−2^ sr^−1^) was recorded. To monitor T-cell trafficking, T cells were transduced with the extGLuc or co-transduced with the EGFRvIII^+^ CAR and extGLuc retroviral vectors as described above (see *EGFRvIII^+^ CARs and extGLuc retroviral vector transduction*). Mice receiving T cells were injected with 5.0 - 10×10^6^ cells intravenously via the tail vein and imaged on days 2 and 9 after infusion. Briefly, 250 μg coelenterazine (NanoLight Technology, Pinetop, AZ) was injected IV in mice receiving either saline or EGFRvIII^+^ extGLuc^+^ CAR T cells and imaged within 90 seconds by measuring BLI. We obtained image data sets and measurement of signal intensity by using the IVIS 100 *in vivo* BLI system and through region of interest analysis using Living Image Software with normalized images displayed on each data set according to color intensity. Mean BLI values for control and treatment groups were calculated and plotted according to the corresponding day of imaging.

H&E Staining and Immunohistochemistry {#s4i}
-------------------------------------

In order to evaluate tumor architecture and growth patterns, NSG mice received intracerebral tumor implants (D-270MG^FLuc/GFP^/1×10^4^ cells or U87MG.ΔEGFR/1×10^4^ cells) and were sacrificed after seven days. Brains were harvested, formalin-fixed and paraffin-embedded. 5 μm sections were stained with H&E. To evaluate T-cell migration to the invasive edge of tumor, we utilized two experimental groups, which included four tumor-bearing mice treated with saline or extGLuc^+^ EGFRvIII^+^ CAR 1×10^7^ T cells. Mice were euthanized on day 9. Brains were harvested, formalin-fixed and paraffin-embedded. 5 μm coronal sections were immunostained with rabbit anti-human CD3 antibody (Thermo Lab Vision, Clone RM9107S) as recommended by the manufacturer at a 1∶100 dilution and counterstained with hematoxylin.

Statistical methods {#s4j}
-------------------

Statistical differences in group percentage cytotoxicity and bioluminescence were evaluated by either a one-way analysis of variance (ANOVA) model or a two-way ANOVA model with interaction. The Kaplan Meier estimator was used to generate survival curves, and differences between survival curves were calculated using a generalized Wilcoxon test. Patterns of change in normalized BLI values on the log scale over time were evaluated using a mixed model that included main effects for time and treatment group along with a time interaction with treatment group. This model accounted for within animal correlation of measurements by using a 1^st^ degree autoregressive covariance structure.
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